Tight regulation of kinetochore microtubule dynamics is required to generate the appropriate position and movement of chromosomes on the mitotic spindle. A widely studied but mysterious aspect of this regulation occurs during metaphase when polymerization of kinetochore microtubule plus-ends is balanced by depolymerization at their minus-ends. Thus, kinetochore microtubules maintain a constant net length, allowing chromosomes to persist at the spindle equator, but consist of tubulin subunits that continually flux toward spindle poles. Here, we construct a feasible network of regulatory proteins for controlling kinetochore microtubule plus-end dynamics, which was combined with a Monte Carlo algorithm to simulate metaphase tubulin flux. We also test the network model by combining it with a force-balancing model explicitly taking force generators into account. Our data reveal how relatively simple interrelationships among proteins that stimulate microtubule plus-end polymerization, depolymerization, and dynamicity can induce robust flux while accurately predicting apparently contradictory results of knockdown experiments. The model also provides a simple and robust physical mechanism through which the regulatory networks at kinetochore microtubule plus-and minus-ends could communicate.
Tight regulation of kinetochore microtubule dynamics is required to generate the appropriate position and movement of chromosomes on the mitotic spindle. A widely studied but mysterious aspect of this regulation occurs during metaphase when polymerization of kinetochore microtubule plus-ends is balanced by depolymerization at their minus-ends. Thus, kinetochore microtubules maintain a constant net length, allowing chromosomes to persist at the spindle equator, but consist of tubulin subunits that continually flux toward spindle poles. Here, we construct a feasible network of regulatory proteins for controlling kinetochore microtubule plus-end dynamics, which was combined with a Monte Carlo algorithm to simulate metaphase tubulin flux. We also test the network model by combining it with a force-balancing model explicitly taking force generators into account. Our data reveal how relatively simple interrelationships among proteins that stimulate microtubule plus-end polymerization, depolymerization, and dynamicity can induce robust flux while accurately predicting apparently contradictory results of knockdown experiments. The model also provides a simple and robust physical mechanism through which the regulatory networks at kinetochore microtubule plus-and minus-ends could communicate.
kinesin ͉ mitosis T he mitotic spindle is an extraordinarily dynamic machine that uses microtubules (MTs) and a complex array of associated proteins to move and segregate chromosomes during cell proliferation. Chromosome motility is tightly linked to the polymerization dynamics of MT ends, particularly of those attached to chromosomes via kinetochores (known as kinetochore-MTs or kMTs) (1) . It is now clear that the behavior of chromosomes on the spindle is a direct reflection of the relative rates of kMT plus-end (at kinetochores) and minus-end (at spindle poles) polymerization/ depolymerization (2) . This study focuses on the protein regulatory networks controlling these behaviors in Drosophilla S2 cells, although we hope that our conclusions will be valid on more general grounds.
Although the kMTs persistently lose tubulin subunits from their minus-ends through most of mitosis, the dynamic behavior of plus-ends is modulated, implicating the plus-ends as probable regulatory sites of chromosome movement. The relative dynamics of kMT plus-and minus-ends can be broadly categorized into 3 states (1, 3) . (i) Metaphase steady-state: tubulin subunit addition to plus-ends matches their loss from minus-ends, allowing maintenance of a constant kinetochore fiber length and a constant chromosome-to-pole distance even while tubulin subunits flux poleward through the polymer lattice. The major experimental observable for gauging the regulatory network model in this article is tubulin flux rate. (ii) Anaphase net depolymerization: tubulin subunits are lost from minus-ends more rapidly than they are added at plus-ends, resulting in net shortening of kMTs so that sister chromatids disjoin and are reeled into spindle poles by unbalanced kMT minus-end depolymerization. (iii) Prometaphase net polymerization: tubulin is added to plus-ends more rapidly than it is lost at minus-ends resulting in net kMT growth, which is used to drive chromosomes away from spindle poles toward the equator. (Note that prometaphase net polymerization of kMTs associated with one kinetochore must be balanced by net kMT depolymerization of its sister kinetochore to generate coordinated and efficient equatorial movement.)
Recently, we used RNAi-generated protein knockdowns and live cell microscopy to examine the influence of known regulators of MT dynamics on kMT and chromosome behaviors in spindles of mitotic Drosophila S2 cells (4) . Our findings revealed that the balance of kMT plus-and minus-end dynamics is controlled by the activities of no fewer than 6 proteins with distinct spindle localizations and impacts on MT dynamics. Two of these, the plus-end tracking proteins EB1 (5-7) and Mast/Orbit (8) (9) (10) , promote MT polymerization; 3 others, the kinesin-13s, KLP10A and KLP59C (11, 12) , and the kinesin-8, KLP67A (13) , promote depolymerization; and a final XMAP215-like protein, minispindles (Msps), which in S2 cells minimizes the pausing behavior of MT ends and thus promotes dynamicity (14) .
The regulation of kMT minus-end depolymerization was found to be relatively straightforward, involving Msps (to induce dynamicity) and KLP10A (to ensure that dynamicity results in the net loss of tubulin subunits). However, the regulation of plus-end dynamics is more complex and arises from a network of regulatory proteins that collectively modulate plus-end dynamic behavior. Our specific findings reveal 3 rather surprising mechanistic underpinnings of the network as it relates to the generation of metaphase flux. First, the rate of kMT plus-end polymerization is controlled by functional antagonism between proteins promoting either polymerization or depolymerization. This conclusion is based on the finding that kMTs flux at a slower rate after inhibition of a plus-end polymerizing protein and faster after inhibition of a depolymerizing protein.
In most cases, coinhibition of pairs of plus-end proteins with opposing effects on the assembly rate results in a cancellation of activities and restores flux to normal. Thus, during metaphase tubulin subunits are continually added and removed from kMT plus-ends with a bias toward net polymerization.
Second, the kMT plus-end regulatory network involves apparently ''silent'' components that have little or no impact on kMT plus-end dynamics on their own but strongly interact with other regulators in the network. A prime example of this is KLP59C, a protein that strongly promotes kMT depolymerization during anaphase in Drosophila early embryos (11) . Analysis of the impact of KLP59C knockdown in Drosophila S2 cells revealed no impact on kMT plus-end dynamics or flux in metaphase spindles. Such a finding could be easily explained if KLP59C is inactive before anaphase. However, the protein does alter metaphase kMT plusend behavior as its codepletion with the polymerizing protein, Mast/Orbit, restores metaphase flux rates and plus-end dynamics to control levels (inhibition of Mast/Orbit alone strongly suppresses flux and kMT plus-end dynamics). The basis for the ''silent'' functionality of KLP59C is unclear.
Finally, an intriguing facet of the kMT plus-end regulatory network is its ability to ''communicate'' with the network controlling kMT minus-end dynamics. This is based primarily on the observation that any change in the rate of kMT plus-end assembly is generally mirrored by complementary alterations in minus-end disassembly. Thus, kMTs maintain a steady-state length even when kMT plus-end assembly (or minus-end depolymerization) is suppressed.
The confusing experimental observations discussed above raised 2 fundamental questions: (i) what is the functional interrelationship among plus-end regulatory proteins, and (ii) what is the mechanism by which the dynamic behaviors of kMT ends are coordinated? Using computer simulations, we have constructed a relatively simple regulatory network controlling kMT plus-and minus-end dynamics during metaphase, which can account for all of the above findings. In addition, simulations using this network accurately predict the results of additional experimentation. Two types of simulations were performed: (i) a coarse-grained model in which physical motions of kMTs are determined by a set of dynamic rules, and (ii) a more detailed model in which the force generators are explicitly simulated. The first model contains a much smaller number of adjustable parameters and provides a simple qualitative picture of the behavior of the system, which is the focus of this article, whereas the second model verifies the validity and robustness of the network model. To our knowledge, modeling of the kind of regulatory network reported below has not been performed previously.
Set-Up of the Coarse-Grained Model. There are already excellent published models describing the physical origin of the forces underlying chromosome and kMT movements and the detailed mechanism of MT polymerization/depolymerization (15) (16) (17) (18) (19) (20) (21) . The focus of our current article is to describe the network of regulatory proteins that determine the behavior of polymerization/ depolymerization dynamics at kMT plus-ends. kMT motions (i.e., flux) associated with changes in kMT dynamics were used as experimental observables. We assumed that, on average, loss or addition of tubulin subunits from kMT ends induces a commensurate change in the position of tubulin subunits within the kMT. We emphasize that our goal is not to construct a physical model of kMT dynamics and motion in detail, but instead to understand the functional relationships that exist among members of a network of proteins that, in aggregate, impact the overall net behaviors of kMTs.
Our model system is the mitotic Drosophila S2 cell, which is widely used for studies of spindle function because of its amenability to RNAi and live analyses of spindle MT dynamics (4, 10, 22) . Our focus here is the regulatory network at the kMT plus-ends, hence no minus-end regulatory protein except Msps is explicitly modeled. Two sets of assumptions are needed to provide a contextual framework for formulating the model ( Fig. 1) : one set describes the physical constraints that can reasonably be assumed to exist within the spindle, whereas the second defines the fundamental activities of the regulatory proteins. In Box 1 we give a brief description of our assumptions, and more detailed explanation of our model is given in SI Appendix.
Modeling RNAi. In an RNAi experiment, the proteins targeted for knockdown are typically reduced to Ϸ2% to 10% of that in the control system (4, 10, 11, 14) . Consequently, we simulate the knockdown of a specific protein by reducing the number of its molecules in the system from 50 (assumed for the control) to 1 (see SI Appendix).
Results of the Coarse-Grained Model. To calculate the rate of poleward flux for a modeled system, we select 1 tubulin subunit in each kMT and monitor the time evolution of its position as the kMT lattice translocates within the spindle as a result of subunit addition or loss at the ends (Fig. S1a) . Assuming that the displacement of the marked subunit in the i-th kMT at time t from its position at the beginning of the simulation is ⌬x i (t), then the flux rate during 1 simulation is given as:
where T ϭ 300 s is the length of 1 simulation run. For each system (control or knockdowns), the flux rate is averaged over 15 simulation runs, and the variation of the rates between different simulation runs is Ͻ4%.
Regulators of kMT Plus-End Dynamics Do Not Function Independently.
The simplest possibility for the plus-end regulatory network is that each regulatory protein acts independently. For this simple model, we performed simulations for all of the knockdowns in ref. 4 , which do not involve the minus-end regulatory protein, KLP10A. The results of the simulations with optimized parameter values are shown in SI Appendix in comparison with experimental results (Fig.  S1b) . For any set of parameter values tested, the simulation always generated at least a few instances where predicted rates differed dramatically from the experimentally determined rates. Therefore, a scheme based on no interactions between regulatory proteins fails to reliably predict actual measurements. This was particularly so for treatments involving Mast/Orbit. Such a result is not unexpected given the observed paradox that KLP59C can somehow counteract the effects of knocking down Mast even though it does not appear to impact MT dynamics by itself. It simply testifies that this paradox results from the qualitative feature of the plus-end regulatory network, which cannot be remedied by quantitative tuning of parameters.
The model was then refined by incorporating various interaction schemes among proteins. The KLP59C-Mast paradox suggests some kind of inhibitory interactions among the plus-end regulatory proteins, which we explored in a rather exhaustive manner (Tables  S1-S7 ). For each interaction scheme, we show the active species (regulatory proteins that actively modulate kMT dynamics remaining after RNAi) in all knockdown systems and the corresponding measured flux rates. We eliminated almost all possible regulatory schemes because they lead to logical inconsistencies. It is evident that all but one scheme (discussed in more detail below) suffer from the flaw of predicting that 2 (or more) of the knockdown treatments should create cells with the same remaining active species and thus should have similar flux rates, but in fact have markedly different measured rates.
The only interaction scheme immune from logical inconsistency invokes the assumption that Mast functionally inhibits KLP59C. There are multiple plausible mechanisms by which Mast could inhibit KLP59C, but they cannot be distinguished based on results from the knockdown experiments. Consequently, we adopted the assumption that Mast and KLP59C cannot bind to the same MT plus-end simultaneously, and that Mast has a much higher binding affinity for the plus-end than does KLP59C. Further, an interaction likely exists between Mast and EB1 since both of them promote rescues. This interaction could have 2 possible forms: (i) Both can bind the same kMT end [perhaps as a complex (23) ] and the ability of the pair to modulate rescue frequency is different from that of either individual protein [an assumption supported by experimental observation (23) ], or (ii) their binding to the plus-end is mutually exclusive.
After adopting the assumption that Mast functionally inhibits KLP59C, the resulting model achieved excellent agreement between simulation and experiment for all knockdowns (Fig. 2) . The difference between the results from simulation and the corresponding experiment is always Ͻ9%, well within the range of error of the experimental measurements. In SI Appendix, we provide optimized parameter values for this model; we also provide Movies S1-S3, which show the motion of marked tubulin subunits and the binding/ dissociation of regulatory proteins for a few different systems. However, a model assuming that the binding of Mast and EB1 to the kMT is mutually exclusive was unable to reproduce all knockdown experiments satisfactorily despite our effort to optimize the parameters (Fig. S1c) . Therefore, the final model also incorporates the assumption that Mast and EB1 can simultaneously bind the kMT and that their interaction has a unique impact on the rescue frequency.
Polymerization/Depolymerization Induced Alterations in kMT Position
Provides a Mechanism for ''Communication'' Between kMT Plus-and Minus-End. How do plus-end regulatory proteins influence the rate of flux, which, when considered as the poleward (minus-end directed) translocation of tubulin subunits within kMTs, requires only minus-end depolymerization? A simple answer to this question became apparent when we calculated the average positions and distributions of plus-and minus-ends in simulations of control versus RNAi-treated spindles. Specifically, examination of average simulated minus-end positions (measured as distance from the centrosome; shown in Table S8 ) indicate a clear trend in which increases in plus-end polymerization displace kMT minus-ends further into the pole, whereas decreases in polymerization have the opposite effect. That is, changes in the dynamics of the plus-end cause the minus-end to shift within the spindle pole. It is expected that the spindle pole regulation of a kMT depends on the probability that it interacts with the kMT, which in turn depends on the depth of embedment of the kMT. Consequently the minus-end would be subjected to different levels of regulatory activity as the end is repositioned within the pole. This cause-and-effect relationship between opposite kMT ends led us to use this as a scheme of communication between them (Box 1, assumption d).
This form of communication would link changes in plus-end polymerization state with changes in minus-end depolymerization rate. This, in turn, strongly influences the velocity of kMT minusend shortening and flux. Since we did not explicitly include any regulatory proteins to modify frequencies of rescue or catastrophe at the minus-end, they are constant for all systems. Consequently, the only variable rate constant at the minus-end corresponds to the rate of shrinkage, which varies with the position of the kMT minus-end within the spindle pole. However, flux rate is ultimately determined by the average depolymerization rate at the minusend-a higher average shrinkage rate leads to greater net depolymerization at the minus-end, which generates a higher flux rate.
A useful demonstration of this form of kMT plus-and minus-end communication is apparent from the simulated knockdown of KLP67A, which experimentally increases flux rate. Our model reveals that the increase in plus-end polymerization resulting from the loss of KLP67A shifts the average position of minus-ends markedly deeper into the poles relative to the control system (approximately the length of 5 tubulin subunits). Because the rate of minus-end depolymerization increases linearly with depth in the pole (Box 1, assumption d), this shift translates into a corresponding 2-fold increase in flux velocity. In contrast, knockdown of the polymerization-promoting protein, Mast, diminishes the average rate of subunit addition at the plus-end compared with the control, leading to a decrease in the average length of kMTs. As a result, minus-ends are repositioned plate-ward, decreasing the average minus-end depolymerization rate. We note that, due to the nonlinearity of the distribution of minus-end positions, there is no simple quantitative relationship between average minus-end position and average minus-end shrinkage rate. Nevertheless, the average minus-end position does provide a simple and concrete indicator for the average minus-end shrinkage rate. that can lead to the experimental observations is that Mast-bound plus-ends are immune to KLP59C activity. Due to inhibition by Mast, KLP59C does not actively modulate kMT dynamics when Mast is present in the system; hence, depletion of KLP59C itself leads to no change in flux rate. However, after Mast knockdown, KLP59C can now influence plus-end dynamics, causing 2 new effects on kMT dynamics compared with the control system. First, plus-end rescue is no longer enhanced by Mast, decreasing the overall polymerization rate of plus-ends. Surprisingly, the consequence of this effect turns out to be relatively mild in the model. However, a second effect is that the now uninhibited rescuesuppression activity of KLP59C leads to a further decrease in rescue frequency, and this strongly decreases the overall plus-end polymerization rate. These 2 reinforcing effects together sharply decrease the average minus-end depolymerization rate. When both Mast and KLP59C are knocked down simultaneously, the result differs from the control system only in the loss of contribution from Mast, which leads to only a relatively small decrease in the flux rate.
Predictive Value of the Model. Finally, to test our model as a predictor of experimental outcomes, we compared the experimentally measured flux rates of previously untested combinations of plus-end regulatory protein knockdowns with rates predicted by the model. If the model neglects significant interactions among regulatory proteins or existing experimental data fail to place sufficient constraints on the adjustable parameters so that more than 1 set of parameters can produce the same simulated results for known experiments, then model predictions are most likely to differ from experimental measurements. To this end, we used the optimized parameter values to perform simulations of all of the other possible combinations of the regulatory proteins. The results are shown in Fig. 3 . In sum, the agreement is excellent (the largest difference between prediction from simulation and experimental measurement is 10%, which again falls well within the range of experimental error) except for the knockdown of KLP67A/KLP59C/Mast, in which case too few cells survived to produce meaningful results. This result provides strong additional support for our model. Therefore, the model is robust in its ability to accurately predict flux rates of spindles when the regulatory network of plus-end proteins is intact or experimentally perturbed.
Regulatory Network in Combination with Force-Balancing Model.
Although the coarse-grained model provides a simple physical picture of the system and is able to predict flux rates of new knockdown systems accurately, it is also important to ensure that all of the forces responsible for kinetochore and kMT movement properly balance within the framework of the regulatory network model. To this end, we set up a model consisting of both the regulatory proteins described above and the force factors considered in the force-balancing model described by Civelekoglu-Scholey et al. (15) . The assumptions concerning the forces are essentially the same as those in ref. 15 with only a few changes (described in greater detail in SI Appendix):
1. We allow the minus-ends of kMTs to move within the spindle pole, the velocity of which is determined by the solution of force-balancing equations (equations 8 and 10 in ref. 15 ). 2. There is a gradient in the number of KLP10A molecules per kMT minus-end at the spindle pole, which is supported by our experimental observation (Fig. S3a , details in SI Appendix). Consequently, kMT minus-ends encounter more KLP10A molecules as they extend deeper into the pole. 3. The kinetics of kMT polymerization/depolymerization and functionality of individual regulatory proteins are the same as described in Box 1.
We did not explicitly consider the stochastic binding/dissociation of regulatory proteins to kMT plus-ends, but rather assumed that they are always bound to the kMT if they are present in the system. To simulate knockdown of a specific protein, we simply assume that it is not in the system. Moreover, we did not simulate knockdowns involving Msps because of the simplifying assumption that the minus-end is always in a shrinking state in the current model. After optimization of relevant parameters (details in SI Appendix), we obtained excellent agreement between flux rates from model prediction and experimental measurement (Fig. 4) , which provides extra support for the validity of our regulatory network model. Moreover, the positions of sister kinetochores in the current model remain essentially constant with only minor fluctuations around their equilibrium positions (Fig. S3b) . This fact is consistent with both experimental observation and assumptions used in the coarse-grained model above. In addition, a comparison of interkinetochore distances across systems with dramatically differing flux rates (Fig. S3c) indicates a lack of clear correlation between the flux rate and the interkinetochore tension-a conclusion consistent with our in vivo experiments (4) .
Discussion
We propose a simple molecular model for the plus-end portion of the metaphase kMT regulatory network. It requires a relatively small number of adjustable parameters, and is able to provide a coherent interpretation of the diverse and otherwise confusing results from experiments examining the impacts of regulatory proteins on kMT dynamics (4) . Moreover, the predictions made by our model-without further adjustment of the parameters-are in excellent agreement with new experimental measurements. This fact suggests that our initial RNAi knockdown results already implemented sufficient constraints on our model so that no parameters in the model are adjustable after the initial optimization process. We do not claim that this model incorporates all of the proteins that regulate plus-end dynamics in cells. In fact, we expect that the regulatory network will expand in the future as additional regulatory factors are identified. Instead, the consistent agreement between the rates predicted by this model and those measured following a variety of experimental treatments indicates that the current model duplicates the features of the actual plus-end metaphase regulatory network present in cells, at least to the extent of explaining the activities of the 5 regulatory proteins considered here.
In our model, only 2 functional interactions between the plus-end regulatory proteins are required: Mast functionally inhibits KLP59C and acts synergistically with EB1 when both are bound to the same kMT [EB1 and Mast physically associate in vivo (23)]. All other proteins act independently. Removal of either of the 2 functional interactions or addition of other functional interactions leads to significant discrepancies between simulations and experiments. Regarding the interactions between kMT and kinetochore/spindle pole, only 2 assumptions are essential for the reproduction of results from RNAi experiments: (i) minus-end depolymerization induces an overall poleward shift of a kMT, and (ii) minus-end depolymerization rate depends on the depth of minus-end insertion into the spindle pole. The other assumptions were made for consistency with known physical features of kMT dynamics.
The structure of the regulatory network as determined by our simulations raises several interesting issues that were not obvious from our experimental findings alone. The first stems from the assumed inhibition of KLP59C by Mast, which could occur in a number of ways and involve direct or indirect associations. Such a relationship has not been confirmed in vivo and will require further analysis. However, if correct, extrapolation of this relationship to anaphase may explain why KLP59C drives anaphase chromosome motility in Drosophila early embryos (11) but not S2 cells (4, 13). KLP59C's interaction with Mast may differ in these 2 cell types in a manner that allows it to strongly and directly influence kMT plus-end dynamics in one but not the other. Functional assessment of this hypothesis should prove interesting.
Second, our modeling data also reveal potential pitfalls in attempting to directly correlate the impact of a regulatory protein on flux velocity with its ability to regulate kMT plus-end dynamics. For example, Mast knockdown results in a much more pronounced decrease in flux velocity than does EB1 knockdown, which seems to imply that Mast is more effective in driving plus-end polymerization. However, the major impact of Mast knockdown on flux rate derives from activation of KLP59C, and our model finds that EB1 is actually a better effector for promoting plus-end polymerization than Mast. Another example is the comparison of KLP59C with KLP67A. In this case, even though our earlier report (4) led us to believe that KLP67A is the dominant depolymerase, the model indicates that the capacities of KLP59C and KLP67A to induce plus-end depolymerization are similar during metaphase. This new conclusion is directly supported by the observation that the triple knockdowns of KLP67A/Mast/EB1 (leaving KLP59C as the sole active plus-end regulator) and KLP59C/Mast/EB1 (leaving KLP67A as the sole active plus-end regulator) have similar flux rates. These insights are not apparent from mere inspection of experimental results, but are revealed by detailed modeling.
A third facet of our model that merits comment regards how kMT plus-and minus-ends communicate. When we apply the assumption that kMT minus-ends depolymerize faster the deeper they are within the pole, changes in kMT plus-end dynamics can induce complementary changes in minus-end behaviors simply by altering their position. Is this feasible? Although we cannot answer this question with certainty, there are clearly minus-end regulatory proteins, such as the MT depolymerase KLP10A, which concentrate at poles and could reasonably effect such change. Indeed, measurement of the fluorescence intensities from anti-KLP10A and anti-tubulin antibody stained spindles (Fig. S3a) shows that the KLP10A to tubulin ratio increases with proximity to the spindle pole. Thus, the further a MT minus-end extends into the pole, the higher is the accumulation of KLP10A proteins at its minus-end. In the force-balancing model, KLP10A is responsible for depolymerizing MT minus-ends and providing poleward force for moving kMTs. In this case, since the poleward force from an individual KLP10A decreases with its rate of depolymerizing the kMT minusend under the assumption of linear force-velocity relationship, more KLP10A per minus-end helps to maintain a high overall poleward force under high depolymerization rate. This fact naturally leads to an increased average minus-end depolymerization rate with deeper insertion into the pole.
We note that although motors involved in the stimulation of microtubule sliding are not explicitly required in our model, such components are likely integrated into the flux ''machinery'' in vivo. A primary example is the bipolar Kinesin-5s, which are thought to cross-link and slide apart antiparallel spindle microtubules (24) (25) (26) . Members of this kinesin subclass have been proposed to power the movement of microtubule minus-ends poleward and thus could aid efficient depolymerization at kMT minus-ends by positioning them deeper within the spindle pole matrix (24) . Within the context of our network model, sliding between spindle MTs operates as a ''background process'' and thus need not be explicitly considered when modeling flux regulation by kMT dynamics.
Because of the lack of sufficient molecular information of the structure of kinetochores, spindle poles, and the regulatory proteins, a number of assumptions were made concerning the nature of kinetochores and spindle poles and the interactions between kMTs and these spindle structures. It is important to realize that a robust coarse-grained model should not rely on specific details for satisfactory results. We extensively explored alternative choices of these assumptions and confirmed that the model is robust with respect to such variations (more detailed discussions in the SI Appendix). The success of the force-balancing model also supports the validity and robustness of the coarse-grained model. We hope that the simple model presented here will serve as a unified framework for the reaction network that regulate dynamics of mitotic kMTs, and will inspire further examination and analysis of the network by other investigators.
Methods
Simulation Method. In our simulations, occurrences of chemical reactions (e.g., binding of regulatory proteins to kMTs, growth/shrink reactions) were considered as stochastic events, and were simulated using Gillespie's algorithm (27) . The physical motions of kMTs were assumed to be much faster than occurrences of chemical reactions. Consequently, if a chemical reaction should induce a movement of a kMT, then movement immediately follows the occurrence of the chemical reaction. After the occurrence of a chemical reaction that changes the number of tubulin subunits in a kMT, the length of the kMT, the positions of plusand minus-ends, and the position of the tubulin subunit within the kMT that is marked for calculating flux rate will be updated immediately.
Experimental Methods. S2 cell culture and dsRNA interference. Schneider S2 cells stably expressing eGFP-␣-tubulin were cultured as described in ref. 4 . In preparation for RNAi treatment, cells were replated in 6 well tissue culture plates. Gene-specific sequences were selected for production of RNA as described in ref. 4 , and dsRNA was synthesized as described (4, 11) . To knock down targeted proteins, 20 gs of dsRNA were applied to each well (containing fresh serum-free medium) for every protein to be knocked down. After 1 h, sufficient 20% heat-inactivated FBS in medium was added to make a final concentration of 10% FBS. RNA was applied on days 0, 2, 4, and 6 of the treatment period. On day 7, cells were replated in 35-mm glass-bottom microwell dishes coated with Con A (Sigma-Aldrich) to promote cell spreading. Measurement of poleward MT flux. Poleward flux rates of spindle MTs were measured as described in ref. 4 . Briefly, dark bands were created across each fluorescent half-spindle by photobleaching the eGFP bound to the ␣-tubulin subunits using a TCS SP2 confocal system (Leica) on a Leica DMIRE2 inverted microscope (Plan Apo 63ϫ objective, 1.4 N.A.). Only cells with bipolar spindles lying nearly perpendicular to the light path axis were used for analysis. Images of the live cells were captured at 2-to 4-s intervals until the photobleached mark became indistinct. Movement of the bleach mark along the longitudinal axis of the spindle was determined from these recordings by manually measuring the distance between the photobleach mark and the spindle pole in selected movie frames using the Metamorph software calipers tool (Molecular Devices). Flux rate was calculated from the distance moved and time elapsed before the bleached region disappeared as fluorescence recovered. Flux rates were measured from each of the spindle's prominent fluorescent filaments (probably kinetochore MT bundles) because their bleach marks were more defined and persistent. By averaging all of the measurements made for a single spindle, a mean spindle flux rate was obtained. The resulting ''spindle average'' constituted a single data point of the entire dataset used for analysis. Note that this method of measuring flux cannot detect differences in the flux rates of individual MTs within a kinetochore fiber. Instead, this method measures the average behavior of the MTs comprising the fiber.
Box 1: Assumptions of the coarse-grained model.
Physical Structure of the Simulated Half Spindle. The system is composed of a kinetochore and a spindle pole, connected by 13 kMTs. Each kMT is modeled as a chain of tubulin subunits, which can be added to or removed from the kMT ends. We keep both the kinetochore and the spindle pole fixed in space in our model-our rational being that metaphase chromosomes do not oscillate in S2 cells. Due to dynamic instability, kMT ends can exist in 1 of 3 states-growing, shrinking and paused-and transitions between these states result from rescue or catastrophe (28, 29) . Therefore, a kMT end can undergo 4 types of reactions: growth, shrinkage, rescue, and catastrophe. If we denote a kMT consisting of n tubulin subunits as T n s , where s ϭ ϩ,Ϫ,0 represents the state of a kMT end (ϩ for growing, Ϫ for shrinking, and 0 for paused state); then these reactions can be written as:
In addition, a number of assumptions were made about the interactions between kMTs and kinetochores or spindle poles (Fig. 1) , which are:
a. The kinetochore is the region defined by an inner plate (the part facing the centromere) and an outer edge (facing poleward). We assume that the rate of plus-end growth decreases linearly from the outer edge towards the inner plate. b. If the kMT plus-end contacts the inner plate of the kinetochore, further polymerization at the plus-end will induce a shift of the whole kMT towards the spindle pole. c. The spindle pole is a region defined by the outer boundary of the spindle pole matrix (the boundary facing the kinetochores) and an inner boundary facing the centrosomes. Each shrinkage reaction at the minus-end will move the whole MT towards the spindle pole. d. At the minus-end, the rate constant for shrinkage reaction decreases linearly from the centrosome towards the outer bound of the spindle pole matrix.
Regulatory System. Our model assumes the primary function of regulatory proteins to be the modulation of the frequency of rescue or catastrophe (e.g., when a protein that promotes rescue is bound to a kMT plus-end, the rescue frequency for this end is scaled up by a factor specific to this protein), without significantly modifying the rate of growth or shrinkage. So far, 5 components of this network have been identified. They are Msps (an XMAP215 homolog), Mast (a CLASP), EB1 (a ϩTIP), KLP67A (a Kinesin-8), and KLP59C (a Kinesin-13). Our assumptions concerning their functions are:
1. Msps functions to bring an MT end out of the paused state (14) . Moreover, we assume that Msps binding to a plus-end must precede the binding of other regulatory proteins. 2. KLP67A promotes catastrophes at the plus-end. Therefore, in our model, the catastrophe frequency of a kMT plus-end increases (i.e., the frequency is multiplied by a factor Ͼ1) upon binding of a KLP67A. 3. KLP59C inhibits rescues at the plus-end (12) , so the rescue frequency of a kMT plus-end decreases (i.e., it is multiplied by a factor Ͻ1) upon binding by a KLP59C. Moreover, in the framework of a regulatory network model, one disadvantage of explicitly considering all the force factors is that it introduces a large number of extra adjustable parameters, which greatly increases the difficulty of the parameter optimization process and blurs the essence of the physical picture. For instance, if a model that closely integrates both the regulatory and the force-generating proteins together works, it is the whole collection of all assumptions and parameters that makes it work --it is usually difficult to tell what are the essential components. Consequently, any change in the model of the force generators will likely necessitate corresponding changes in the regulatory network to prevent the overall model from breaking down. Given the fact that research on force generators is still a new and exciting area, it is not unexpectable that our knowledge of them will undergo significant revision with time.
In contrast, if we use a set of dynamic rules such as those adopted in the current coarse-grained model, then as long as the modifications to the force-generator model do not change the average behavior of MT and chromosome motions upon polymerization/depolymerization reactions, the validity of the regulatory network remains intact. An additional advantage of adopting dynamic rules is that it provides a qualitative physical picture that aids the research community in understanding the behavior of the system without performing detailed calculations. For instance, knowing such dynamic rules will allow one to perform "thought simulations" and make useful inferences on the qualitative behavior of the system. and an outer edge (facing poleward), with the length of 50 tubulin subunits in between [9] (later on we show that the performance of the model is independent of specific choices of this length). The kinetochore region in our model corresponds to the kinetochore plates plus the corona region in cells, within which both regulatory and motor (e.g., dynein) proteins reside. Due to the coarse-grained nature of the current model, we do not explicitly distinguish between the kinetochore plates and the corona region. We assume that the rate of plus-end growth decreases linearly from the outer edge, which is close to the cytoplasm, towards the inner plate. At the inner plate, the rate constant for polymerization is close to zero (only 2% of the growth rate at the outer edge of the kinetochore region). One plausible molecular justification for this assumption is that the kinetochore is a very dense supramolecular structure, and it is easy to imagine that the local concentration of free tubulin subunits decreases with the depth of the kinetochore complex. Moreover, this assumption is consistent with the experimental observation that kMT plus-ends are confined to the kinetochore and do not extend into the centromere (chromatin subjacent to the kinetochore) [9] . We assume a residual growth rate at the inner plate of the kinetochore to account for the fact that thermal fluctuations can cause the plus-end to loose contact with the inner plate and thus gain some growth activity [1] . Later on we show that the assumption of a position dependent plus-end growth rate is not required for the success of our coarse-grained model. This assumption is made for consistency with physical situations (Fig. S2e) . to account for the fact that, when the plus-end is in the corona region, the dominant force acting on it on average is the anti-poleward force from dynein. Although both CENP-E and dynein reside in the corona region and exert antagonizing forces on the kMT (i.e. CENP-E provides poleward force on kMTs but anti-poleward force on the kinetochore whereas dynein provides anti-poleward force on kMTs but poleward on the kinetochore), dynein has to dominate on average to provide a stable kinetochorekMT attachment since otherwise a kMT would detach from the kinetochore once its plus-end falls into the corona region (this fact also renders CENP-E a non-essential component for determining chromosome and kMT motions). Consequently, a kMT will move stochastically poleward/anti-poleward with a certain probability (which is determined by the detailed balance of forces) once its plus-end falls into the corona region. Due to the coarse-grained nature of the current model, we did not explicitly include this unknown probability as an adjustable parameter in our model (which will only complicate the model without providing additional insights), but instead made the simplifying assumption presented here so that the probability is in fact embedded in the probability that a plus-end will falls on the lower edge of the kinetochore region, which is in turn determined by the balance between plus-and minus-end dynamics. has been found to anchor and focus MT minus-ends near the centrosome [11, 12] .
Regulators of kMT dynamics, such as KLP10A, have been found to concentrate within this pole structure, as well [13] [14] [15] . KLP10A is proposed as responsible for providing poleward depolymerization force that drives flux in the force-balancing model described by Civelekoglu-Scholey et al [1] . Note that kMTs are not believed to be directly attached to the centrosome and thus centrosomes and poles must be considered as distinct structural units.
e. At the minus-end, depolymerization results from interaction of the minus-end with shrinkage-promoting proteins that reside within the spindle pole matrix. The deeper that a kMT minus-end inserts into the spindle pole, the more interactions it has with shrinkage-promoting proteins. Consequently, the rate of the shrinkage reaction is proportional to the depth that a MT inserts into the spindle pole matrix. As a result, the rate constant for minus-end shrinkage reaction decreases linearly from the centrosome towards the outer bound of the spindle pole matrix. The value of the rate constant for shrinkage reaction at the outer bound of spindle pole is zero. Alternatively, it is also possible that the catastrophe frequency is proportional to the depth that a MT inserts into the spindle pole matrix. The final results from our model are indifferent to these two alternatives (Fig. S2a) . Consequently, we adopted the first choice in the present paper.
f. If the minus-end contacts the inner boundary (the centrosome), then further growth at the minus-end will induce an overall anti-poleward movement of the whole kMT, which could result from a Brownian ratchet mechanism similar to that from the interaction between plus-end and kinetochore inner plate [1, 10] , to prevent the minusend from passing through the centrosome. On the other hand, we also tested the situation when such an assumption is removed, and we can reproduce all the experimental observations. Consequently, such an assumption is not essential, presumably due to the fact that such a situation occurs very rarely since the minus-end is essentially in constant depolymerization (Fig. S2b) .
We note that assumptions (d) and (e) above are essential for the success of our regulatory network model, whereas the other assumptions mainly serve the purpose of defining clear boundary conditions. Variations in these conditions (e.g., change of the length of the kinetochore or spindle pole regions, change of the functional form of the plus-end growth dependence on the plus-end position) do not prevent our model from reproducing all known experimental results and accurately predicting new experimental outcomes ( Fig.   S2 a-f), although relevant parameters need to be tuned.
Regulatory system Our model assumes the primary function of regulatory proteins to
be the modulation of the frequency of rescue or catastrophe (e.g., when a protein that promotes rescue is bound to a kMT plus-end, the rescue frequency for this end is scaled up by a factor specific to this protein), without significantly modifying the rate of growth or shrinkage. We note that some regulatory proteins do alter growth and shrinkage rates under certain circumstances (e.g., [16] ). Factoring this into our model had no impact on the overall outcome of our simulations and thus this consideration has been excluded for the sake of simplicity.
Five components of this network are included in our current model. They are Msps (an XMAP215 homolog), Mast (a CLASP), EB1 (a +TIP), KLP67A (a Kinesin-8),
and KLP59C (a Kinesin-13). Based on existing experimental evidence, we made the following assumptions about the functions of individual regulatory proteins and the interrelationships between them.
Msps functions to bring an MT end (either plus-or minus-end) out of the paused state.
This assumption derives from the experimental observation that depletion of Msps from Drosophila S2 cells leads to significant MT pausing with little or no growth [17] .
Moreover, we assume that Msps binding to a plus-end must precede the binding of other regulatory proteins, which means that the kMT end is unaffected by regulatory proteins unless Msps is already bound. This assumption is supported by the observation that knockdowns involving Msps always cause near cessation of spindle MT dynamics generally and flux specifically, and co-RNAi of no other regulatory protein rescues the effect induced by Msps knockdown [8] .
2. KLP67A promotes catastrophes at the plus-end. Therefore, in our model, the catastrophe frequency of a kMT plus-end increases (i.e., the frequency is multiplied by a factor greater than 1) when the end is bound to a KLP67A.
3. KLP59C inhibits rescues at the plus-end [18] , and so the rescue frequency of a kMT plus-end decreases (i.e., it is multiplied by a factor smaller than 1) when the end is bound to a KLP59C.
Mast promotes rescues at the plus-end[19-22].
5. EB1 promotes rescues at plus-ends [23] . 
Notation of species and reactions

List of reactions
(y: distance from a kMT plus-end to the inner plate of kinetochore)
{ (y: distance from a kMT minus-end to the centrosome)
Parameters in the coarse-grained model
There are a number of unknown parameters involved in our model:
(1) Number of molecules for each regulatory protein in the kinetochore region. There are no experimental data suggesting this number, hence we assume it 50 in our model.
Moreover, it is the combination of the number of molecules and k on of a given regulatory protein that determines its impact on plus-end dynamics, which means that this parameter is not essential in our model. But we need to define it so that knockdown of regulatory proteins can be properly simulated in contrast to the control system.
(2) Number of the molecules in the kinetochore region for the regulatory protein being knocked down. Since a typical knockdown reduces the number of molecules for the corresponding protein to from 1% to 10% of its value before the knockdown [8] , this number is intrinsically undetermined and adjustable within this range. For all the regulatory proteins considered in the current model except Msps, we assume that there is only one molecule of the protein being knocked down left in the system, which amounts to 2% of its value in the control. We assume that there are still 2 Msps molecules left in the system after its knockdown to obtain better agreement between model prediction and experimental measurement on the flux rates. But a choice of 1 Msps molecule in the system after its knockdown still results in an agreement between model-predicted and experimentally measured flux rate that falls within the experimental range of error.
Moreover, the agreement between model-predicted and experimentally measured flux rates for knockdowns involving Msps (i.e., Msps/Mast and Msps/EB1) that were not considered in ref. [8] is excellent (within 2%; Fig. 3 in the main text), which provides extra support to our choice to a certain extent.
(3) The catastrophe and rescue frequencies for a plus-end without any regulatory protein, which were set to the values reported for purified HeLA cell MTs in vitro [24] . In addition to the HeLa cell basal state, which is characterized by a heavily populated paused state (~ 80%) [24] , we also tried another basal state in which the growing, shrinking and paused states are equally populated. Excellent agreement between results from experiment and simulation can be achieved for systems listed in Fig. 2 for both basal states by tuning relevant parameters. However, the two models predict drastically different flux rates for knockdowns involving KLP59C/Mast/EB1, KLP67A/Mast/EB1, and Mast/EB1
(knockdowns marked by asterisks in Fig. S1d) ), for which only the model with a HeLa cell basal state gives the correct prediction.
(4) The growth and shrinkage rates for plus-and minus-ends were set to be equal, and the actual values were selected to be in the range of experimentally measured rates of MTs in mammalian somatic cells [1, 25] . (5) The k on and k off of regulatory proteins binding to plus-ends, and the factor by which the rescue or catastrophe frequency is scaled by a regulatory protein. These parameters are adjustable in our model and are optimized to achieve good agreement between computed and experimentally-measured flux rates for systems considered in ref. [8] (Fig.   2 in the main text of the current paper).
Optimization of adjustable parameters
The facts that there are only a few regulatory proteins active in certain knockdown systems (Tables S1-S7) and that different regulatory proteins are active in different knockdown systems enable us to optimize the parameters in our model in a systematic manner and with relative ease. More specifically, the optimization processes was carried out in following steps:
1. We start with the system of KLP67A/EB1 double knockdown, for which the only active regulatory proteins are Mast and Msps -although there are three proteins, Mast, KLP59C and Msps, left in the system, KLP59C is inhibited by Mast and hence inactive. Consequently, the adjustable parameters for this system are the k on and k off of Mast and Msps binding to kMTs, the scaling factor for Mast to increase kMT plusend rescue frequencies, and the growth/shrinkage rates of kMT ends (we assume they are the same for both plus-and minus-end to reduce the number of adjustable parameters in our model). To search for the proper values for these parameters, we first decide the physically plausible range for each parameter. Then a few values for each parameter that are evenly distributed in its own range were selected. All possible combinations of these parameter values are generated, which leads to a large number due to the combinatorial nature of this operation. Flux was simulated for each combination of parameters, and the combinations that can reproduce the experimentally measured flux rate for this system within a reasonable range (±15%)
were considered as plausible candidates to be used in subsequent steps for optimization.
2. The next system we examine is the KLP67A knockdown. The active regulatory proteins in this system are Mast and EB1, which form a complex and increase the plus-end rescue frequency in our model. Consequently, the adjustable parameters for this system are the k on and k off of EB1 binding to kMTs and the scaling factor for the Mast/EB1 complex to increase rescue frequency, since the adjustable parameters for However, the adjustable parameters in both systems are the same: k on and k off of KLP59C binding to kMTs and the scaling factor for decreasing plus-end rescue frequencies. We search through a large number of plausible values to find proper ones in a way similar to what described in step 1.
In this way, for each knockdown system we only need to optimize a few parameters, which made an exhaustive search within a physically plausible range computationally manageable. We note that, in each step, there is more than one set of parameters that can reproduce the target data for that step. Therefore we simply pick one set out of the plausible choices to use in subsequent steps. If our initial choice leads to difficulty in finding appropriate parameters in later steps, we will return to the earlier step, choose another set of parameters and go through subsequent steps once again. Consequently the steps listed above were repeated in an iterative manner until all target data (flux rates in Fig. 2 , which were originally reported in ref. [8] ) were satisfactorily reproduced. In total,
we searched over 1,200,000 combinations of parameters to find parameter values that can reproduce all the experimentally measured flux rates reported in Fig. 2 . The parameters thus obtained were used to predict flux rates for systems in Fig. 3 without any further adjustment.
Robustness of the coarse-grained model with regard to alternative assumptions
Due to the lack of complete molecular information of the structure of kinetochores, spindle poles, and the regulatory proteins, a number of assumptions were made concerning the nature of kinetochores and spindle poles and the interactions between kMTs and these spindle structures. It is important to understand how these assumptions influence the behavior of the regulatory network and kMT dynamics in the model. A
robust coarse-grained model should not rely on specific details for satisfactory results.
One significant assumption we made is that the growth (or shrinkage) rate at the plus-(or minus-) end depends linearly on the distance of the kMT end within the kinetochore (or pole) (assumptions (a) and (e)). We also tested two other models for the dependence of growth/shrinkage rate on the position of the kMT end within the kinetochore/spindlepole: quadratic scaling and step function (in the latter case, the growth/shrinkage rate remains the same throughout the kinetochore/spindle pole except at the inner-plate/midpoint-in-the-pole, beyond which point the rate becomes zero). As we show in the Fig. S2 c and d, we can find appropriate values for k on k off and catalytic scaling factors for regulatory proteins that lead to flux rates that agree with experimental results to the same level as the results shown in Figs. 2 and 3 . In addition, we also tested a model in which the assumption of a position dependent plus-end growth rate is removed -plus-end growth rate is a constant over the whole kinetochore region. Figure S2e demonstrates that excellent agreement between simulations and experiments can also be achieved in this case. Consequently, we conclude that: (1) It is the dependence of the shrinkage rate on the position of the kMT minus-end within the spindle pole, but not the specific form of such a dependence, that provides an efficient mechanism for communication between plus-and minus-end regulatory networks. (2) Although a position dependence of the kMT plus-end growth rate most likely exists in reality due to the physical structure of the kinetochore, it is not essential for the success of our coarse-grained model.
We also tested different values for the lengths of kinetochore and spindle pole (a length of 50 tubulin subunits was used to obtain the results presented in Figs. 2 and 3 ).
As shown in Fig. S2f , even when the lengths of these structures are varied, appropriate parameter values can be found that yield excellent agreement between simulations and experiments. Therefore, the physical mechanism for communication between the plusand minus-end regulatory network that we propose in our model is not only simple and efficient but also robust. Future analyses of the structure and molecular composition of the spindle pole will greatly enhance our ability to introduce additional components and constraints involved in this process and will permit a more thorough assessment of this proposal. Finally, when 0 ! V kMT right ! V max depoly , the kMT minus-end will not move since the overall kMT movement is balanced by the minus-end depolymerization.
Stochastic simulation with Gillespie algorithm
2. There is a gradient in the number of KLP10A molecules at the spindle pole, which is supported by experimental observations (see the caption of Fig. S3a ). Accordingly the average number of KLP10A bound to a kMT minus-end depends on the position of the minus-end such that n dep (x) = g dep (x ! x r ) ( x is the current position of the minusend, n dep (x) is the average number of KLP10A bound to the minus-end, g dep is the gradient in KLP10A number and x r is a reference position, which is located at 4.6 µm in our model). This is in contrast with the constant value used in Eq. (10) of ref.
[1].
3. The plus-end can exist in three dynamic states (growing, shrinking and paused) instead of two (growing and shrinking) as in the original model [1] . The rescue and catastrophe frequencies depend on the regulatory proteins bound to the plus-end in the same way as described in the main text.
4. We do not have CENP-E acting at the kinetochore since, unlike dynein, it is not an essential component for controlling kinetochore and kMT movement. That is, balance of forces in the system cannot be achieved without dynein but can be achieved without CENP-E by tuning parameters for other components. In the model of Civelekoglu-Scholey et. al [1] , the sole function of CENP-E is to provide a force antagonizing that of dynein. Moreover, both dynein and CENP-E assume the same force-velocity relationship, and the plausible range for the force parameters (e.g., stall
force, maximum velocity) of these two motors significantly overlap with each other.
Consequently, inclusion/exclusion of CENP-E to/from the model is equivalent to modification of force parameters of dynein.
5. Calculation of transition frequencies in the current model differs slightly from that in ref.
[1] because a kMT plus-end can switch to two other states from its current state.
For instance, a kMT plus-end in a paused state (s=+) can switch to either a growing (s=+) state through a rescue or a shrinking (s=-) state through a catastrophe.
Therefore, a kMT plus-end can have two possible transitions (1 and 2) during a single time step, δt. The probability for a transition i is given as:
, where r i is the rate for transition i (e.g., it can be a 0→+ transition), and f switch = r 1 + r 2 is the total transition rate available to the current state of the system. Moreover, we did not explicitly consider the stochastic binding/unbinding of regulatory proteins to/from kMT plus-ends, but rather assumed that they are always bound to the kMT if they are present in the system. To simulate knockdown of a specific protein, we simply assume that it is not in the system. We did not simulate knockdowns involving Msps because of the simplifying assumption that the minus-end is always in a shrinking state in the current model, which is the same as adopted in ref. [1] . Simulations of this model were performed using our modified version of the force-balancing code provided by Drs. Civelekoglu-Scholey, Mogilner and Scholey [1] , to whom we wish to express our great gratitude. The code we obtained from them does not include CENP-E either. Although we did not measure the inter-kinetochore separation for all the systems on which we measured the flux rate, the systems shown here cover the full range of flux rates we encountered. Therefore we believe these should be sufficient for assessing the correlation between the flux rate and the inter-kinetochore tension. Our results suggest an independence of the inter-kinetochore separation on the flux rate. Within the framework of the current force-balancing model, this phenomenon arises because the two forces acting on the kinetochores that directly correlate with the kMT plus-end polymerization dynamics and flux (the force of dynein and the force of MT polymerization) change with the plus-end dynamics in a similar way (i.e., both of them increase with enhanced polymerization and decrease with reduced polymerization). Consequently, the difference between these two forces, which is critical for determining the inter-kinetochore separation (Eq. (1) figure) , indicating the importance of the basal state to the performance of the model. In contrast, the HeLa cell basal state, which features significant population of the paused state (Ϸ80%), cannot only reproduce known experimental results (Fig. 2 in the main text) by tuning relevant parameters but also correctly predicts new experimental results without any further adjustment in parameters (Fig. 3) . (Figs. 2 and 3) , indicating that the essential assumption in our model is that the minus-end depolymerization rate, which is determined by both shrinkage rate and catastrophe frequency of minus-ends, depends on the depth of insertion of minus-end into the spindle pole. The specific manner in which this dependence is realized is not essential to the success of our model. (b) A model in which kMT minus-ends are allowed to pass through the centrosome (the inner boundary of the spindle region). This model can reproduce all experimental results to the same level as those shown in the main text (Figs.  2 and 3) , indicating that the success of the network model does not depend on whether a kMT minus-end can pass through the centrosome or not. (c) A model in which the minus-end shrinkage reaction rate depends on the depth of minus-end insertion into the spindle pole as a step function: the minus-end shrinkage rate is zero at or below the mid point of the spindle pole, but a constant value above it. Consequently, there are 2 states for the minus-end shrinkage reaction-one with a high rate and the other with a low rate. The average minus-end shrinkage rate is then determined by the relative time that the minus-end spends in these 2 states-the longer a minus-end spends in the high shrinkage state, the higher its shrinkage rate, which is in turn determined by the minus-end position. This model can reproduce all experimental results to the same level as those shown in the main text (Figs. 2 and 3) , indicating that the success of the network model does not depend on the specific manner in which minus-end shrinkage reaction rate depends on the insertion of minus-ends into the spindle pole. (d) A model in which the minus-end shrinkage reaction rate depends on the depth of minus-end insertion into the spindle pole as a quadratic function. This model can reproduce all experimental results to the same level as those shown in the main text (Figs. 2 and 3) , indicating that the success of the network model does not depend on the specific manner in which minus-end shrinkage reaction rate depends on the depth of insertion of minus-ends into the spindle pole. (e) A model in which the plus-end growth reaction rate is independent of the position of the plus-end within the kinetochore region. This model can reproduce all experimental results to the same level as those shown in the main text (Figs. 3 and 4) , indicating that the assumption that plus-end growth rate depends on the depth of insertion of the plus-end into the kinetochore region is not essential for the success of our model. ( f) A model in which the length of kinetochore/spindle-pole region is assumed to be that of 40 tubulin subunits. This model can reproduce all experimental results to the same level as those shown in the main text (Figs. 2 and 3) , indicating that the specific value assumed of the extent of the kinetochore/spindle-pole region is not essential for the success of the network model. See Table S1 for details. See Table S1 for details. See Table S1 for details. See Table S1 for details. See Table S1 for details. The position is defined as the distance to the centrosome, represented in the unit of number of tubulin subunits. The names of regulatory proteins denote proteins that were depleted. Table S9 . Parameters for the force generators and regulatory proteins used in the simulation of the model combining the regulatory network and force-balancing that produce results in Figure 4 in 
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